A tunable bandstop filter applying the capacitive change of micromachined switches is designed, simulated and fabricated. The filter is realized by incorporating electromagnetic bandgap structures with the micromachined switches. These micromachined switches are used as high contrast capacitive elements between the coplanar waveguide ground plane and the signal line to tune the frequency. A new approach for finding the propagation characteristic of the periodic micromachined switches is determined by the dispersion behavior. Different types of parametric analysis are also investigated for the micromachined switches. The surface micromachining fabrication process is employed on the high resistivity silicon substrate to fabricate the filter. The measurement results for the tunable bandstop filter reveal a tuning range from 19 GHz to 17.3 GHz. The lower passband insertion loss is 0.7-2.2 dB and the 20 dB rejection bandwidth is 5.5 GHz.
Introduction
With the increased attention given to microwave and millimeter-wave communication systems, many research activities are directed toward the microelectromechanical tuning elements for integrating off-chip components such as switches, filters and inductors, since off-chip components increase fabrication cost, system size and power dissipation. Using micromachining technology, it is possible to implement millimeter-wave one-chip integrated circuits with high performance, low cost and compact size [1] . Tunable filters are often used as tracking filters for multi-band telecommunication systems, radiometers and wideband radar systems. Recent development in the microelectromechanical system (MEMS) process has allowed for the possibility of improving the design of the tunable filters by bringing in new dimensions to these components [2] [3] [4] .
Electromagnetic bandgap (EBG) structures are the periodic structures which exhibit frequency selective behavior similar to carrier transport in semiconductors. EBG structures are useful for constructing filters including bandstop filters, low-pass filters and bandpass filters [5, 6] . EBG structures can be patterned on the microstrip transmission line with EBGetched holes on the ground plane [7] or on the signal line [8] . The coplanar waveguide (CPW) EBG structures with rectangular aperture patterns etched on the ground plane and located adjacent to the gap between the signal and the ground have been reported [9] . Recently, CPW EBG structures with slots that are of radial shapes on the ground plane have been employed in the low-pass and bandstop filters [10, 11] . CPW offers greater design flexibility and requires only single metal level as compared to the microstrip structures. The CPW structures are more attractive because of the ease of fabrication and characterization.
A conventional open-ended tunable bandstop filter using piezoelectric transducers has been investigated [12] . The main shortcoming of this design is its bulky structure size. Another type of tunable EBG bandstop filter using varactor diodes has also been reported [13] . However, this design yields relatively high insertion loss and ripples in the passband region due to varactor diodes.
In this paper, a micromachine-based tunable bandstop filter with low insertion loss has been proposed. An equivalent 
RF design of the tunable filter
The bandstop filter consists of three unit EBG cells designed in a CPW configuration. These EBG cells are placed at a period equal to half of the wavelength of the designed center frequency. Before analyzing the bandstop filter, the unit EBG cell structure is investigated in detail. A lattice-shaped unit EBG structure is shown in figure 1(a) . The substrate is high resistivity silicon (ρ = 4000 cm) with a dielectric constant of ε r = 11.9 and a thickness of H = 675 µm. The EBG structure is designed for 50 in the CPW configuration, with a signal line width of W = 108 µm and the gap width of G = 60 µm. In the unit EBG structure, a square slot is etched in the ground plane with a side length of a. The square-etched slot is connected to the gap by a narrow transverse slot with a length of w s and a width of d s . The center cut-off frequency, which is the resonant frequency, depends on the transverse slot and the square-etched hole of the ground plane. To investigate the influences of these parameters on the frequency characteristics, two separate designs have been constructed. The frequency characteristic for the proposed unit EBG structure is studied and analyzed using Agilents Momentum software.
Circuit modeling of the unit EBG structure
An equivalent parallel LC circuit can be used to model the EBG structure [14] as shown in figure 1(b) . It consists of a series inductor, a parallel capacitor and a resistor. From a practical point of view, the unit EBG structure can serve as a replacement for the parallel LC resonant circuit in many applications. To apply the EBG cell to a practical circuit, it is necessary to extract the equivalent circuit parameters, which can be obtained from the simulation result of the unit EBG structure. The lumped capacitance, C, is mainly contributed by the transverse slot on the ground, while the inductance, L, is related to the magnetic flux passing through the apertures on the ground. The equivalent impedance equation of the single resonant model may be expressed as
The resonant frequency of the parallel circuit is defined as
The 3 dB cut-off angular frequency, ω C , can be determined by
Substituting equation (1) into equation (3), the capacitance can be obtained as
The inductance can be determined by
where a, w s and d s (see figure 1(a) ) are chosen as a = 762 µm, w s = 200 µm and d s = 60 µm to provide an example to the parameter extraction procedure. The equivalent circuit parameters are extracted and presented in table 1. The circuit simulation results obtained using the equivalent circuit parameters are given in figure 2 , where a comparison has also been made with the EM simulation results. The equivalent circuit simulation results are in good agreement with the EM simulation results. Thus, the derived equivalent circuit and the extracted parameters for the EBG structure can be accurately adapted to design practical circuits as well as to analyze the dimensions of any proposed structures. 
Effect of the square slot and the transverse slot on the unit EBG structure
The unit EBG structure is evaluated using three different sets of dimensions. The influence of the square aperture size, a, on its frequency characteristic is investigated. The dimensions d s = 60 µm and w s = 200 µm are kept constant, for all the three different square aperture sizes of a = 500 µm, 762 µm and 1000 µm. The simulation results in figure 3(a) show that the resonant frequency of the EBG cell decreases as the etched area of the square aperture increases. This frequency characteristic can also be explained using the parallel resonant circuit. As the size of the square aperture increases, the inductance also increases; on the other hand, d s and w s are responsible for the capacitance. Since d s and w s are held constant for all the three cases, there is little variation in capacitance as compared to the inductance. This, in turn, reduces the resonance frequency of the equivalent parallel circuit. The influence of the transverse slot width d s on the unit EBG structure is also investigated. The square aperture size, a, is kept constant at 762 µm × 762 µm, and the length of the transverse slot, w s , is fixed at 200 µm. The width of the transverse slot is allowed to vary and set at 30 µm, 60 µm and 150 µm, respectively. The simulation results are obtained and shown in figure 3 (b). From figure 3(b), it can be observed that the resonant frequency shifts from 16.1 GHz to 22.3 GHz when d s changes from 30 µm to 150 µm. Since the size of the square aperture is held constant for all the three cases, the inductance variation is smaller. Thus, as d s increases, the parallel capacitance decreases and the resonance frequency of the equivalent parallel circuit increases.
Propagation characteristics of the unit EBG structure
The propagation characteristic of the EBG is analyzed by Floquet's theorem. By simply considering the unit structure, EM simulation results of the method proposed in [15] can be used to obtain the dispersion diagram of the proposed unit EBG structure. The propagation factor in this case is e −γ , where = 3050 µm is the period of the EBG structure, and γ = α + jβ is the complex propagation constant in the direction of propagation. The scattering matrix of the mth mode propagating in the z direction has been calculated according to [15] using commercial full wave simulator Zeland IE-3D. The normalized phase constant β/k 0 and the attenuation constant α/k 0 of a single EBG cell are illustrated in figure 4 . When β/k 0 is approaching the Bragg condition (β = π), the signal is highly attenuating. The stop-band is very wide and within which the propagation is prohibited. Significant rise in the loss factor is observed in the stop-band due to radiation. This explains why the simulation result at higher frequency band (i.e. larger than 30 GHz) is less favorable compared to lower frequency band (i.e. less than 14 GHz).
The complex characteristic impedance of the unit EBG structure can be calculated and is expressed as
It can be explicitly calculated in terms of the S-matrix as In the low frequency range, Re(Z c ) starts to rise slowly from 62 in an exponential way, while Im(Z c ) is kept at zero. As the frequency increases and when the bandstop occurs, Re(Z c ) and Im(Z c ) become infinite as shown in figure 5. For the uniform CPW, the characteristic impedance throughout the entire frequency band remains constant at 48 approximately.
Design of the tunable bandstop filter
A bandstop filter is designed by cascading the unit EBG cells. The number of EBG cells to be cascaded depends upon three different factors such as insertion loss, rejection level and bandwidth. Figures 6(a) and (b) show that the rejection level and the bandwidth increase with the number of EBG cells, which also increases the insertion loss that is mainly contributed due to the increase in the conductor loss. For optimum design, the bandstop filter with three EBG cells provides a good rejection level and bandwidth with minimum insertion loss.
In the tunable EBG bandstop filter, the CPW transmission line has a signal strip with a width of 70 µm and the gap with a width of 115 µm as shown in figure 7 . The transmission line has a high impedance of 65 . This is because the dimension of the CPW has been designed by taking into account the periodical loading effects of MEMS capacitive bridges. There are in total 16 MEMS bridges as each transmission line between two EBG structures contains eight bridges. The width and length of the bridges are 50 µm and 300 µm [16] , respectively. The periodic spacing between bridges is s = 200 µm. The MEMS bridges act as a tuning element due to the change in the height of the bridges, i.e. varying the capacitance, when the dc bias voltage is applied between the signal line and the ground plane. Hence, the frequency of the band rejection can be tuned with different bias levels. An equivalent LC circuit is used to describe the tunable EBG structure as shown in figure 8 . The lumped capacitance, C 1 , is basically due to the transverse slot on the ground, while the inductance, L 1 , is related to the magnetic flux passing through the aperture on the ground, i.e. a. Since MEMS bridges are shunt capacitive, so they can be modeled as an equivalent parallel capacitor, C 2 , and the inductor, L 2 , in each resonator section. The high impedance transmission line, Z h , compensates for the decrease in impedance due to the increase in shunt capacitance when bridges are slowly moving down due to the driven voltage. The equivalent circuit parameters are numerically extracted from the circuit simulation results of the EBG structure using Agilents ADS software and are summarized in table 2. Figure 8 . Equivalent parallel resonant circuit for the tunable bandstop filter. 
Mechanical design of the tunable filter
In this section, the mechanical design of the tunable filter is discussed. When a dc bias voltage is applied on the MEMS bridges, i.e. between the fixed electrode and the beam, they act like a parallel plate capacitor and the capacitance can be calculated as
where W = 50 µm is the width of the bridge, l = 70 µm is the overlapping length of the fixed electrode, g = 2 µm is the distance between the two plates and ε 0 = 8.854 × 10 −12 F m −1 is the permittivity of the vacuum. The capacitance of the mechanical structure is larger than that calculated by equation (8) due to the fringe effects capacitance, which is mainly caused by the side walls and the backside. Therefore, the parallel plate capacitance can be calculated as
where l is the length of the plate and a is the width of the plate. For the small distance between the plates (g<<a) the capacitance can be approximated by
where C 1 is the capacitance due to the fringe effects, h = 1 µm is the thickness of the bridge, a = 50 µm is the width of the bridge and z = 2 µm is the height of the bridge. Figure 9 shows the relationship between the capacitance and its fringe effects for the tunable filter. It clearly shows that the capacitance due to the fringe effects is greater than the normal capacitance. At 2 µm, the fringing capacitance is 19.5 fF compared to 15.49 fF of the normal capacitance, which is around 26% more. Figure 9 also shows the effect of the height on the frequency tuning. The frequency shifts from 19 GHz to 16.4 GHz when the height changes from 2 µm to 1.3 µm.
There are a total of eight bridges per resonator and the distance between the bridges is 200 µm. The relationship between the beam height and the applied voltage is discussed. As dc bias voltage is applied on the MEMS bridges, an electrostatic force is induced. This electrostatic force is approximated as being evenly distributed across the section of the beam above the electrode. Therefore, the appropriate spring constant value can determine the distance that the beam moves under the applied force when the applied electrostatic force and the mechanical restoring force due to the stiffness of the beam (F = kx) are equal: where g 0 is the zero bias bridge height. Solving this equation for voltage results in
where k = 25 N m −1
. Figure 10(a) shows the plot between the beam height and the applied voltage. When the voltage is increased, the beam starts to move down due to the increase in the force and the electric field. At 1/3 of the height, the beam will become unstable and will collapse to the fixed bottom electrode and this is known as pull-in voltage. From the figure, it is visible that before the 1.3 µm height the switch operates in a stable state, and after that when the voltage is raised from 43.68 V the switch collapses to the fixed electrode.
The simulated tuning range achieved as shown in figure 9 is around 2.6 GHz and this range can be further enhanced if the pull-down distance can be controlled. If the series capacitor is placed in the series with the MEMS capacitor, the instability in the electrostatic actuation can be reduced. The applied voltage, V s , is then divided between the two capacitors such that the voltage across the MEMS capacitor is given by
where C b is the MEMS capacitor and C s is the fixed series capacitor. The drop in the voltage across the series capacitor is larger compared to the micromachined and thereby solving the instability problem. The applied voltage is given by
Figure 10(b) shows the change in the bridge height versus the applied voltage. The series capacitance is varied from 0.5 C b0 to ∞. With 0.5 C b0 , the instability can be eliminated when the applied voltage is increased to as high as 225 V. Therefore, there is a tradeoff between the high frequency tuning and the applied voltage in order to achieve an optimum design. An important phenomenon, which is analyzed for the first time, is the propagation characteristics of the MEMS bridges. A high impedance CPW transmission line without any perturbation is loaded with the MEMS bridges. A comparison has been made to find out the slow wave factor when the number of bridges is varied as well as the distance between them. Figure 11(a) shows the dispersion diagram of the CPW transmission line bridges where the distance between the two bridges is fixed and kept constant at 100 µm while the number of bridges is allowed to vary. Bandgap for the eight bridges starts around 15 GHz while for the six and four switches it starts at 16 GHz and 16.5 GHz, respectively. Although the bandstop behavior starts early, at higher frequencies there is little variation in the dispersion. The results for the switches with inter-distance gaps of 200 µm and 400 µm are also shown in figures 11(b) and (c), respectively. The CPW transmission line with an interdistance gap of 200 µm has a distinct bandgap with the increase in the number of switches. The spring constant for the fixed-fixed beam or bridge can be modeled in two parts. One part is k 1 , which is due to the stiffness of the bridge that accounts for the material characteristics such as Young's modulus, E, and the moment of inertia, I . The other part of the spring constant, k 2 , due to the biaxial residual stress, σ , within the beam is a result of the fabrication process. As shown in figure 12(a) , the force is distributed over the center portion of the fixed-fixed beam due to the applied voltage on the center conductor. The equation for the deflection of the fixed-fixed beam is
where ξ is the load per unit length so that the total load is P = ξl. The expression for the spring constant is derived as
where w = 50 µm is the width of the bridge, E = 70 GPa is Young's modulus for Al and 130 GPa for Cu, t = 1.5 µm is the metal thickness and l = 300 µm is the length of the bridge. In figure 12(b) , the spring constant k 1 is plotted with the x/ l ratio for two different metals, i.e. aluminum and copper. The spring constant is higher for the copper material as compared to aluminum mainly due to higher Young's modulus for copper. The biaxial residual stress is developed with the beam deflected and stretched. The spring constant due to the residual stress is given by
where σ is the residual stress and v is Poisson's ratio. The force distributed just above the center conductor is based on equations (16) and (17), with x = 2l/3; thus, the total spring constant, k, is given as
Figure 12(c) shows the total spring constant using equations (18), for aluminum and copper beams with residual stresses of 0, 30 and 60 MPa. For l = 300 µm and t = 0.5 − 1.5 µm (t/ l = 0.0015-0.0045), the spring constant is dominated by the residual stress component, k 2 , for σ > 10-20 MPa. The pull-down time for the MEMS bridges is calculated from the initial height to the stage when it is totally pulled down. A simple one-dimensional nonlinear model is employed to simulate the dynamic behavior of the switch. The differential motion of equation for the bridge can be expressed as
where
where m is the switch mass, b is the damping coefficient, K z is the switch spring constant in the z direction, F e is the electrostatic force on the switch, F c is the contact force when the switch touches the dielectric, ω 0 is the resonant frequency and Q is the quality factor. The pull-down time is shown in figure 13 , which is based on the assumption that the shape of the deformed bridge remains flat and is independent of its position. It can be seen from the simulation results that the 
Experimental results and discussions
The fabrication process flow [16] of the bandstop filter is shown in figure 14 . It begins with the growth of a 1 µm thick SiO 2 layer on a 675 µm thick silicon substrate that serves as a buffer layer. A 1.5 µm thick aluminum layer is then evaporated on the buffer layer to layout the CPW structure. After CPW is patterned, 0.1 µm TaN with a 2 k /square sheet resistance is deposited and patterned as pull-down electrodes, which are connected by a 15 µm wide TaN bias line to the outside electrode. The SiN of 1.5 µm is deposited and patterned as the dielectric layer on the CPW grounds and it is also used to isolate the pull-down electrodes. The photoresist is used as a sacrificial layer and a 2 µm thick layer is coated and patterned. Finally, the metal bridge is dry released using RIE with O 2 . Figure 15 shows the SEM micrograph of the fabricated MEMS tunable EBG bandstop filter. The current distribution for this structure is obtained using IE-3D software as shown in figure 16 . It clearly shows that at the bandstop frequency of 19 GHz, the transmission power cannot pass through the circuit and is maximally attenuated. The current distribution on the MEMS bridges also shows the same phenomena of negligible current flowing on the MEMS bridges. When no bias voltage is applied between the signal strip and the ground plane, the comparison of the S-parameters between the simulation and measurement results is shown in figure 17 . The 20 dB rejection bandwidth is from 17 GHz to 22.5 GHz. In the passband, the return loss is larger than 10 dB except in the higher frequencies. The lower passband insertion loss is around 0.7-0.9 dB.
The measurement results for the fabricated tunable EBG bandstop filter are shown in figure 18 . There are eight bridges on each section. The initial height of the bridges is 2 µm. The optimum 20 dB bandwidth of the EBG bandstop filter is 5.5 GHz as discussed in section 2.4. The bias voltage is applied from 0 V to 35 V and the frequency is tuned over the range from 19 GHz to 17.3 GHz. Basically, this is an analog tuning in which the resonant frequency is varied continuously by changing the capacitance of the MEMS bridges with the application of bias voltage. In the continuous tuning, there will be an overlap between the tuning frequencies as shown in figure 18 . From the application point of view, it is desirable to have continuous tuning so that the desired frequency bands can be rejected or selected [3, 4] . The lower passband insertion loss varies from 0.7 dB to 2.2 dB due to the change in the height of the bridges.
Conclusions
In this paper, a micromachined tunable filter with the EBG structure is investigated. An equivalent circuit model of the tunable EBG bandstop filter has been derived based on the circuit analysis theory. The extracted parameters show the tunable bandgap effect of the EBG structure. The dispersion characteristics obtained are useful for describing and understanding the propagation characteristics of the EBG and the MEMS bridges. The mechanical analysis of the MEMS bridges has been analyzed. The tunable filter with the micromachined switches is fabricated using the surface micromachining process that is compatible with the CMOS process. It has high potential of easy integration with different devices for wireless front-end systems. The measurement results of the tunable bandstop filter show the tuning range from 19 GHz to 17.3 GHz. The insertion loss varies from 0.7 dB to 2.2 dB. Both the EM simulation and the measurement results show good agreement.
